7 from asexual reproduction (those with small regenerated heads or tails, Supplement Fig. 1 F) constituted on 139 average 3% or less of the samples in all populations except Lynaes (ca. 9%). The worms were first narcotized 140 in seawater containing 10% sparkling water and then photographed with a Nikon camera mounted on a 141 dissecting microscope. Measurements were made using NIS BR software v. 4.2 (Nikon, RAMCON A/S 142 Birkerød, DK). The coefficient of variation for our size measurement was maximally 8% (obtained from 143 measuring ten individuals each ten times). Since many worms were damaged or regenerating, we decided to 144 measure the length from the eyespot to the start of the gills (see Supplement Fig. 1 A) . Length frequency 145 plots were created using SPSS Statistics 22 (IBM, Armonk, New York) with automated binning to identify 146 the best grouping of the data. Cohort analysis was performed in FiSat II (FAO-ICLARM Stock Assessment 147 Tool) using Bhattacharya's method to identify the cohorts and NORMSEP to optimize the fit of a normal 148 distribution. The mean of the normal distribution is used as the mean size of the respective cohort. We aimed 149
for the identification of a maximal number of cohorts with minimum overlap (S.I. > 2) (Bhattacharya 1967) . 150
Since we could not fit a von Bertalanffy growth curve through our data using the method implemented in 151 FiSat II, we followed a procedure similar to that of Bolam (1999 Bolam ( , 2004 . The progression of each cohort was 152 determined "by eye" and we obtained a growth rate via a regression analysis of the weighted mean size of 153 the cohorts using Systat 13 (Systat Software, Inc., San Jose, CA). 154
A subsample of at least 50 live specimens -including the 30 sized ones -was characterized according to 155 Table 1 and Supplement Fig. 1 . The assessment of asexual reproduction was noted beginning in April. In 156 addition to the live specimens, all sand tubes were checked for the presence of egg strings and, if found, the 157 mode of development was determined (see Table 1 and Supplement Fig. 1 ). Due to seasonal variation in the 158 number of worms collected, the absolute number of egg strings was normalized to the total sample size (egg 159 strings per number of worms collected). 160
For determining density of P. elegans, benthic macrofauna were sampled in March, May, August and 161
November using a hand-held corer (15 cm diameter, 30 cm length). Three samples were taken randomly at 162 each sampling site, and each was sieved through a 1 mm mesh and fixed with 5% formaldehyde on site. In 163 the lab, formaldehyde was removed in several washing steps and samples were stored in 95% ethanol. To8 better visualize the macrofauna, the samples were stained overnight by adding 5 ml of saturated Rose 165
Bengal. Afterwards, the Rose Bengal/ethanol solution was discarded and P. elegans retained on a 1 mm 166 sieve were identified and counted. 167
168

Environmental dynamics 169
At each site, a data logger (HOBO U24-002-C salinity logger, 100-55,000µS/cm, Onset Computer 170
Corporation, Bourne, MA) was deployed, which documented conductivity and temperature every ten 171 minutes during the survey period. Salinity was calculated according to the PSS-78 using the conductivity and 172 temperature measurements of the logger (UNESCO & SCOR 1981). The salinity of reference samples taken 173 monthly were measured with a salinometer (MS-310e Micro-salinometer, RBR-global, Kanata, Ontario, 174 Canada) and used to correct the logger for drift. Due to biofouling and frost, salinity data is not available for 175
Lammefjord from June until August, for Vellerup in August, and for Lynaes in January. Temperature and 176 salinity data were excluded when salinity dropped below 2 as these indicated exposure of the logger due to 177 low water levels. 178 Sediment characteristics were determined in March, May, August and November. For sediment 179 characteristics, three kajak cores (5 cm diameter, at least 15 cm length) were taken randomly at each 180 sampling site. These were sectioned into four layers (0-1 cm, 1-2 cm, 2-6 cm, 6-15 cm) and the respective 181 layers of each core were pooled and mixed. Wet weight and dry weight (24h at 105 °C) of 5 cm 3 sediment 182 from each layer was determined for calculating porosity and water content. Euclidian resemblance matrices of the normalized data (P. elegans data and environmental data), 9,999 216 permutations and best selection procedure. The model (a subset of the environmental parameters) that best 217 explained the variation among the P. elegans data was determined according to the selection criteria BIC and 218
AICc. Subsequently, this best-fit model was entered in a distance-based redundancy analysis (dbRDA) to 219 visualize the variation in the P. elegans data that is explained by the selected model. 220
221
RESULTS
222
Population dynamics of Pygospio elegans 223
In general, worms were smallest at Lynaes (monthly means ranged from 1139 -1731 µm) and Lammefjord 224 (1074 -1648 µm), followed by Herslev (1343 -1818 µm), with the largest worms at Vellerup (1496 -1848 225 µm) (Fig. 4) . The differences among populations were most noticeable during fall, when worms at Vellerup 226 remained a constant size while the average worm size at the other sites decreased. Worms were similar in 227 size across all populations at other times of the year. 228
Using our length measurements, we determined the number of cohorts present each month during the survey. 229
We distinguished one to four overlapping cohorts present at any one time (see Supplement Fig. 2 a-d) . The 230 pattern at each site is summarized and simplified in Fig. 5 , which shows the mean worm size of each 231 identified cohort and the fraction of the total population in that cohort. At Lynaes, two to three cohorts were 232 present at any one time and we observed four to five cohorts over the entire period that had growth rates 233 ranging from 3.31 -6.41 µm/d. Small worms appeared in April, June, September and November. At 234
Lammefjord, mostly two cohorts were present at the same time and we could determine four to five 235 distinguishable cohorts during the whole period with growth rates ranging from 3.61 -4.52 µm/d. Small 236 worms appeared in March, June, September and January. Likewise, mostly two cohorts were present at 237
Herslev at any one time, although three (to four) cohorts could be observed during summer, with growth 238 rates ranging from 1.52 -4.20 µm/d. Small worms appeared in April and July. For the most part, only one 239 cohort was present at Vellerup during the whole period with a low overall growth rate of 0.88 µm/d, and 240 thus, almost stable worm size. Small worms appeared at Vellerup in April and November. 241
Sexual reproduction by P. elegans at our study sites was most prevalent during winter and spring (Fig 6A) . 242
The percentage of gravid females and males carrying sperm was lowest at all sites during the summer (from 243
May to August). Two peaks of gravid females and males with sperm were observed in October and February 244 at Lynaes, Lammefjord, and Vellerup, whereas only one broad peak (November to March) was observed at 245
Herslev. The percentage of males carrying sperm was similar to or slightly higher than the percentage of 246 gravid females, and males either preceded gravid females or occurred simultaneously. The percentage of 247 gravid females was much lower at Lynaes (max. 10%) than in Lammefjord (max. 22%), Vellerup (max. 248
26%), and Herslev (max. 32%). 249
We observed egg strings in the tubes of P. elegans in winter and spring (Fig. 6B) , which coincides for the 250 most part with the presence of gravid females. Gravid females were observed in October at Lynaes, 251
Lammefjord and Vellerup, but egg strings were not observed at these sites until November. Two peaks in the 252 number of egg strings, in accordance with the two peaks in gravid females, were noted only in Vellerup. At 253
Herslev, one major peak in number of egg strings resembles the single broad peak of gravid females. 254
Likewise, the lower normalized number of egg strings observed at Lynaes (max.
We observed a difference in the larval developmental mode between spring and winter as well as between 258 sites in winter (see Fig. 6B ). In spring, multiple types of larvae (pelagic, benthic and intermediate) were 259 found at all sites, whereas in winter, pelagic larvae were predominant at Lynaes, Lammefjord and Vellerup 260 and benthic and intermediate larvae were predominant at Herslev. At Vellerup, the co-occurrence of the 261 second peak in gravid females and number of egg strings in February also coincides with a switch from only 262 pelagic larvae to a mixture of benthic, intermediate and pelagic larvae. At all sites, mainly in January and 263 February, we found females brooding egg capsules while also developing the next batch of eggs in their 264 coelom. At Herslev, the developmental mode of the brood in the egg capsules was benthic and the 265 developing eggs in the brooding mother were also likely to have a benthic developmental mode, since only a 266 few of the developing eggs were fertile eggs, containing a nucleus. At the other sites developmental mode of 267 the brood was pelagic, but the stage of the developing eggs in the mothers was too early to allow 268 determination of their developmental mode. Asexual reproduction occurs throughout the year, but peaks in 269
April when the frequency of sexual reproduction is in decline (Fig. 6A) . The highest prevalence of asexual 270 reproduction was observed in Lynaes (up to 26%). 271
13
The mean density of P. elegans was lowest at Lynaes (means between sampling times ranged from 0 -377 272 ind/m 2 ), distinctly higher at Lammefjord (75 -4357 ind/m 2 ) and Herslev (189 -4791 ind/m 2 ) and highest at 273
Vellerup (132 -7847 ind/m 2 ) (see Fig. 3 ). While at three sites the population density was highest in May, 274 with a maximum of 7847 ± 6051 individuals per m 2 in Vellerup, it was generally low and constant at Lynaes. 275
Furthermore, the distribution of P. elegans was patchy, most noticeably during April and May at Herslev and 276 in October at Lynaes when the worms were associated with the presence of diatom mats (pers. obs.). 277
278
Environmental dynamics 279
The temperature and salinity data are illustrated in Fig. 2 and summarized in Table 2 . Temperature patterns 280 at the sites were similar. Lowest weekly temperatures were observed from December through February, with 281 the minimum (-2.97 °C) in December at Lynaes. Highest weekly temperatures were observed in July and 282
August with the maximum (28.61 °C) in July at Lammefjord. There was more variation in temperature 283 during spring than in fall. In contrast to temperature, salinity patterns differed notably between the sites. In 284
Lammefjord there was more variation in salinity (SD = 4.0) in comparison to the other sites, and in Herslev 285 mean salinity was low (13.5). 286
Characteristics of the surface sediments (0-1 cm), which represents the habitat of P. elegans, are illustrated in 287 Supplement Figs. 3 and 4 and summarized in Table. 2. Median particle size was negatively correlated with 288 water content (Pearson correlation coefficient, r = 0.775, p-value 0.003, n = 16, df = 6), porosity (r = 0.725, 289 p-value 0.009) and sorting (r = -0.818, p-value 0.001). Hence, sediments at Lynaes and Lammefjord were 290 fine grained, had highest water content and porosity and were moderately to moderately well sorted. 291
Vellerup had poorly sorted coarse sediment with lowest water content and porosity, while sediment at 292 Herslev was medium in particle size, water content, porosity, and sorting. There were no major seasonal 293 changes in sediment characteristics. Sediment characteristics -except particle size -showed similar patterns 294 with depth at the different sites (data not shown). 295
Organic content of the sediments was generally higher in Lynaes and Lammefjord than in Vellerup and 296
Herslev (Supplement Fig. 4A ). There was no difference between the sites when comparing organic content 297 depth profiles (data not shown). Seasonally, the percentage of organic content was variable in Lammefjord 298
and Vellerup, whereas it was stable in Lynaes and Herslev. The amount of organic matter in Lammefjord and 299
Herslev increased slightly during the year, while it decreased in Lynaes and Vellerup. Moreover, the C/N 300 ratio was lower in Lynaes, indicating more labile organic matter, compared to Lammefjord and Herslev. The 301 most refractory material was present in Vellerup, except for May (Supplement Fig. 4B ). The C/N was nearly 302 constant at Lammefjord, decreased during the year at Lynaes and Herslev, and was quite variable at Vellerup. 303 304
Relation of population & environmental dynamics 305
We found significant temporal (p-value 0.0006) and spatial (p-value 0.0001) patterns in the population 306 dynamics of P. elegans. Pair-wise comparisons revealed significant changes in the population dynamics (for 307 all locations) mostly between late spring until summer (May until August) and fall until beginning of spring 308 (October until April) (Supplement Table 2 ). Significant site differences (averaging over sampling times) 309
were found between Lynaes and all other sites (to Lammefjord p-value 0.033, to Vellerup p-value 0.001, to 310
Herslev p-value 0.011), and between Lammefjord and Vellerup (p-value 0.003) (Supplement Table 2 ). The 311 environmental parameters best correlating with the variation in the population dynamics, i.e. predicting 59% 312 of the total population variation, were mean temperature, sorting and mean salinity. Ordination of the P. 313 elegans samples fitted to the model is displayed in Fig. 7 where it is clear that it was warmer during May and 314
August , that Lynaes and Lammefjord had generally finer sediments and that Herslev had lower salinities. 315
We performed a field survey of four populations of Pygospio elegans in the Danish Isefjord Roskilde Fjord 317 estuary complex to gain further insight into the population dynamics of this poecilogenous polychaete. Our 318 specific focus was on its reproductive modes and whether its life history variation is related to environmental 319 conditions in the studied populations. 320
Seasonal dynamics 321
We observed a clear seasonality in the population and reproductive dynamics of P. elegans. New cohorts 322 We observed two peaks of gravid females and males with sperm at most sites. The two reproductive peaks 337 most likely reflect the maturity of different cohorts at different times. However, we also observed that some 338 individuals within a single cohort were able to produce two consecutive broods, making the peaks of 339 reproduction broad and the cohorts less distinct. Mainly during January and February we observed females 340 bearing eggs and brooding egg strings simultaneously. A similar finding was made by Gudmundson (1985) 341 for the population at Cullercoats. 342
Given that planktonic larvae of P. elegans are expected to spend 4-5 weeks in the plankton before settlement, 343 we expected to see new cohorts appearing with an approximate one month delay after the disappearance of 344 egg capsules. Although the planktonic larval development mode was prevalent at many of our study sites, we 345 only observed the expected one month delay between appearance of new cohorts and disappearance of egg 346 capsules at Vellerup. In contrast, when there is benthic development, juveniles are expected to settle 347 immediately after emerging from the capsules. Therefore, at Herslev, where we observed predominantly the 348 benthic developmental mode, we expected to see new cohorts coinciding with the disappearance of egg 349
capsules. Yet, this was not the case. we observed an increase in asexual reproduction similar to what was observed by Rasmussen (1953) , 354
Gudmundsson (1985), and Wilson (1985) . Rasmussen (1953) proposed that asexual reproduction after 355 periods of low temperatures might help P. elegans populations recover from declines due to severe winter 356
conditions. 357
At the end of summer and during winter some cohorts disappeared. Accordingly, we observed many pale, 358 inactive and even degenerating individuals in July at Lynaes and Lammefjord and in January at Lammefjord. 359
Considering the short life span of P. elegans (Anger et al. 1986 ) , the appearance of new cohorts combined 360 with the disappearance of old ones slightly afterwards might have led to the drop in mean size we observed 361 after summer and spring, indicating that the population was partly substituted by smaller individuals. If so, 362 the highest densities might be present after new cohorts arrived but before old ones disappeared, i.e. end of 363 spring and beginning of winter. Indeed, we observed highest densities in May with about 4,000 -8,000 364 individuals per m 2 , but we did not measure density in December/January. In a previous study at Blyth 365 estuary, the highest densities were reached after the reproductive phase in May/June (Gudmundsson 1985) 366 and, at Drum Sands, highest densities (about 13,000 ind/m 2 ) were reached in December and February (Bolam 367 2004) . In contrast, the populations at Somme Bay had almost stable density levels of about 2,500 and 15,000 368 ind/m 2 (Morgan 1997 To summarize, the population and reproductive dynamics of P. elegans were distinguished seasonally into an 375 non-reproductive phase lasting from May until August and a reproductive phase, characterized by the 376 presence of gravid females, egg strings and asexual reproduction, that lasted from September until April. 377
According to the dbRDA plot the seasonal dynamics of P. elegans correlated with temperature. These 378 observations support the previous work by Rasmussen (1973) , who described the appearance of sexually 379 mature individuals when temperature dropped below 15 °C, and Anger et al. (1986) , who detected a higher 380 rate of sexual reproduction at 5 °C and 12 °C compared to 18 °C. Moreover, male P. elegans exposed to a 381 temperature increase from 5 to 18 °C lost their soft appendages and sperm degenerated (Rasmussen 1973) . 382
The influence of temperature on asexual reproduction is less clear. Rasmussen (1953) induced asexual 383 reproduction by exposing P. elegans to temperatures of 4-5 °C. However, we observed asexual reproduction 384 throughout the year (as did Rasmussen (1953) ). Furthermore, asexual reproduction was prevalent at Lynaes 385 and less common at Vellerup and Herslev despite nearly identical water temperatures at all sites. Hence, in 386 addition to a strong seasonality in reproduction, there might be additional influences from other factors, such 387 as food availability and worm density (Branch 1975; Wilson 1985 ) that affect reproductive patterns. 388
In addition, there are some uncertainties in our cohort estimates of P. elegans due to the following issues. 389
Firstly, since we were interested in development mode, we focused on sexually mature individuals and we 390 used a 1 mm mesh for sampling, which might not have been sufficient for sampling juveniles. Using a 500 391 µm or 212 µm mesh would have been more appropriate for sampling and quantifying the smallest specimens 392 obtained from continuous logger data. Data is missing for one week in October and one week in January, 638 when the loggers were taken in for maintenance. The logger at Lammefjord was deployed in the mouth of 639 Lammefjords Søkanal, which likely contributed to the large salinity fluctuations observed there. 640
